Adiponectin is an adipocyte-secreted protein that circulates in high concentrations in the serum and acts to increase insulin sensitivity. Previous studies have shown that serum adiponectin is inversely associated with fat mass and insulin resistance in humans and that acute fasting decreases adipose tissue adiponectin mRNA expression in rodents. Whether acute energy deprivation, body fat distribution, or serum hormone levels are associated with circulating adiponectin in humans remains largely unknown. To identify predictors of serum adiponectin levels, we evaluated the association of adiponectin with several anthropometric, metabolic, and hormonal variables in a crosssectional study of 121 women without a known history of diabetes. We also performed interventional studies to assess whether fasting for 48 h and/or leptin administration regulates serum adiponectin in healthy men and women.
Our cross-sectional study shows that, in addition to overall obesity, central fat distribution is an independent negative predictor of serum adiponectin and suggests that adiponectin may represent a link between central obesity and insulin resistance. In addition, estradiol is negatively and independently associated with adiponectin, whereas there is no association between serum adiponectin and leptin, cortisol, or free testosterone levels. Our interventional studies demonstrate that neither fasting for 48 A DIPONECTIN (ADIPOQ, ACRP30, apM1) is a protein exclusively secreted by mature adipocytes that circulates in high concentrations in the blood (1) . Accumulating evidence from animal and human studies shows that adiponectin increases insulin sensitivity (2) (3) (4) (5) (6) , has antiinflammatory (7) and antiatherogenic effects (8, 9) , and may improve the lipid profile (4, 5) . Serum adiponectin levels are decreased in patients with obesity and type 2 diabetes mellitus (10 -12) and are inversely associated with parameters of overall adiposity [e.g. body mass index (BMI), fat mass, and percentage of body fat] (2, 3, 10 -15), as well as insulin resistance, independently of fat mass (13, 14, 16) . Because central obesity and visceral fat are more closely associated with insulin resistance than sc or total fat (17, 18) , it is important to evaluate whether adiponectin is associated primarily with central adiposity rather than overall adiposity and whether central fat affects insulin sensitivity by altering adiponectin levels. Although Cnop et al. (16) recently reported that intraabdominal fat is an independent negative predictor of serum adiponectin in Caucasians, a Japanese study has found an inverse correlation between adiponectin and waistto-hip ratio (WHR) in morbidly obese but not in overweight or moderately obese subjects (15) .
In addition, the entire spectrum of predictors of adiponectin levels remains to be fully elucidated. It has been previously proposed that a physiologically significant relationship may exist between leptin and adiponectin, because these two hormones have additive effects in normalizing insulin sensitivity in animals (4) . Furthermore, studies in rodents support a possible role of leptin in regulating adiponectin, showing that fasting, a state that acutely decreases leptin expression and its serum concentration, also decreases adiponectin gene expression in adipose tissue, whereas refeeding normalizes the expression of both hormones (19) . In contrast to adiponectin gene expression, however, neither changes of leptin levels induced by fasting or refeeding nor exogenously administered leptin has been shown to alter serum adiponectin levels in rodents (19) . No interventional study has directly assessed the effect of altering leptin levels on serum adiponectin in humans, and two cross-sectional studies have reported discrepant results on the association between leptin and adiponectin (14, 16) .
Abbreviations: apo, Apolipoprotein; BIA, bioelectrical impedance analysis; BMI, body mass index; CV, coefficient of variation; DEXA, dual energy x-ray absorptiometry; HDL, high-density lipoprotein; HOMA-IR, homeostasis model assessment of insulin resistance; r-metHuLeptin, recombinant-methionyl human leptin; WC, waist circumference; WHR, waist-to-hip ratio.
Furthermore, in vitro adipocyte exposure to glucocorticoids, which are known to regulate insulin sensitivity (20) , inhibits adiponectin expression (21, 22) , suggesting that glucocorticoids may influence insulin sensitivity through an effect on serum adiponectin levels. Thus, it would be of interest to study the potential association between adiponectin and steroid hormone levels in vivo in humans. Finally, although the gender dimorphism in adiponectin levels, with women having higher adiponectin levels than men independently of body fat mass or fat distribution (10, 13, 16, 23) , has been attributed to differences in circulating estrogens or androgens, no previous study has jointly evaluated body fat mass, fat distribution, and sex steroids as predictors of serum adiponectin levels in humans; and studies that have focused on adiponectin levels in postmenopausal vs. premenopausal women have reported conflicting results (23, 24) .
We sought to assess the association of several anthropometric, metabolic, and hormonal variables with adiponectin levels in a cross-sectional study of 121 women without a known history of diabetes. In addition, to evaluate the potential role of fasting and/or leptin in regulating serum adiponectin, we measured adiponectin levels at baseline and after 2 d of fasting, with and without leptin administration in physiological replacement doses, in healthy normalweight men. In a separate group of healthy men and women, we measured adiponectin levels in response to a pharmacological dose of leptin to evaluate whether leptin has a dose-related effect on adiponectin levels.
Subjects and Methods

Cross-sectional study
One hundred thirty Greek Caucasian women without a known history of diabetes (age, 49.4 Ϯ 9.2 yr; BMI, 30.9 Ϯ 5.5 kg/m 2 ) were consecutively enrolled in this study, which was approved by the Ethics Committee at Harokopio University (Athens, Greece) and the Institutional Review Board at Beth Israel Deaconess Medical Center (Boston, MA). After giving written informed consent to participate, subjects provided a fasting blood sample and completed a self-administered questionnaire on demographic characteristics, general health, smoking status, and present medications, including hormone replacement and oral contraceptive treatment. Subjects were classified as premenopausal if they had regular menstrual periods, perimenopausal if they had irregular periods and/or elevated FSH levels, and postmenopausal if they reported no periods for at least 6 months. Weight to the nearest 0.5 kg, height to the nearest 0.5 cm, and waist and hip circumferences were measured. All subjects underwent bioelectrical impedance analysis (BIA) with a single-frequency bioimpedance analyzer (Model 101, RJLSystems, Mt. Clemens, MI), and body fat mass (in kilograms and percentage of body weight) was calculated as previously described (25) . To validate the BIA and anthropometric measurements, 60 subjects also underwent a dual energy x-ray absorptiometry (DEXA) scan performed with a Lunar DPX densitometer (software version 4.7e; Lunar Corp., Madison, WI) for assessment of total body and trunk fat mass (in kilograms and percentage of body weight) (26, 27) . Estimates of fat mass and percentage of fat obtained in the 60 subjects who underwent all three assessments correlated strongly with each other (fat mass by BIA and DEXA: Pearson coefficient ϭ 0.91, P Ͻ 0.001; percentage fat by BIA and DEXA: Pearson coefficient ϭ 0.88, P Ͻ 0.001) and with BMI (fat mass or percentage of fat by BIA and BMI: Pearson coefficient ϭ 0.94, P Ͻ 0.001; fat mass or percentage of fat by DEXA and BMI: Pearson coefficient ϭ 0.84, P Ͻ 0.001). In addition, trunk fat, a measurement of central adiposity obtained by DEXA, correlated highly with waist circumference (WC) (Pearson coefficient ϭ 0.90, P Ͻ 0.001) and waist-to-hip ratio (WHR) (Pearson coefficient ϭ 0.54, P Ͻ 0.001). Thus, in our analysis, we used BMI and fat mass calculated by BIA as markers of overall adiposity, and WC and WHR as markers of central obesity.
Analysis was restricted to 121 subjects for whom adiponectin data were available. Due to insufficient serum samples, six subjects did not have a complete hormonal and metabolic evaluation, and 10 subjects did not have either the fasting glucose or insulin levels needed to calculate the homeostasis model assessment of insulin resistance (HOMA-IR), but each statistical analysis included only subjects with complete data. Apolipoprotein (apo)A1 and apoB levels were available for only a subset of 48 subjects.
Interventional studies
Two interventional studies investigating the effect of fasting and/or leptin administration on adiponectin levels were approved by the Beth Israel Deaconess Medical Center Institutional Review Board and were performed under an investigator-initiated new drug application. Clinical-quality recombinant-methionyl human leptin (r-metHuLeptin) was supplied by Amgen, Inc. (Thousand Oaks, CA). All subjects gave informed consent for participation. 2 ) were screened for significant medical conditions, and none of them had abnormal glucose tolerance (random serum glucose, 77 Ϯ 12 mg/dl; range, 59 -91 mg/dl). Subjects were admitted to the General Clinical Research Center on three separate occasions (separated by at least 7 wk to allow for recovery of hematocrit and normalization of their metabolic state) under three different conditions: baseline fed state, fasting with placebo administration, and fasting with r-metHuLeptin administration designed to restore the fasting-induced decline in leptin levels to physiological levels similar to those in the fed state. All eight subjects completed the fed and fasting/placebo admissions, and six subjects (age, 22.0 Ϯ 2.1 yr; BMI, 24.2 Ϯ 1.2 kg/m 2 ) completed the fasting/rmetHuLeptin admission. Subjects were admitted to the General Clinical Research Center the evening before study d 1 for each fed or fasting phase. Fasting blood samples for adiponectin and leptin measurements were obtained at 0800 h on d 1 and 3 of each admission.
During the baseline fed state, subjects were placed on an isocaloric diet designed to maintain their admission body weight, with four standardized meals per day: 20% of calories from breakfast (0800 h), 35% from lunch (0100 h), 35% from dinner (1800 h), and 10% from a snack (2200 h). During the fasting studies, subjects received only caffeine-free and calorie-free liquids for 2 d, and NaCl (500 mg), KCl (40 meq), and a standard multivitamin with minerals daily. Starting at 0800 h on d 1 of the fasting/leptin admission, r-metHuLeptin was administered as a sc injection every 6 h for 2 d, at a dose of 0.04 mg/kg⅐d on the first day and 0.1 mg/kg⅐d on the second day. The dosing regimen used was based on previous detailed pharmacokinetic studies performed in the fasted state (Mantzoros, C. S., unpublished data). During the fasting/placebo admission, a buffer solution was administered sc every 6 h. 2 ) were screened for significant medical problems. None of the subjects had abnormal glucose tolerance (lean men: random serum glucose, 73 Ϯ 19 mg/dl; range, 54 -95 mg/dl; obese men: random serum glucose, 67 Ϯ 7 mg/dl; range, 57-74 mg/dl; lean women: random serum glucose, 76.8 Ϯ 7.1 mg/dl; range, 65-84 mg/dl). Subjects were admitted to the General Clinical Research Center during the evening and received one pharmacological dose of r-metHuLeptin (0.3 mg/kg) the following morning. Fasting blood samples were collected at 0800 h immediately before r-metHuLeptin administration, and at 6 and 12 h after the leptin dose. Subjects received an isocaloric diet during the study, as described above.
Administration of a pharmacological dose of r-metHuLeptin in the fed state.
Hormone measurements. Glucose and lipid profiles were measured using a photometric method with liquid reactants (Hitachi 917, Indianapolis, IN). Hormone concentrations were measured using commercially available RIA, as follows: adiponectin [Linco Research, St. Charles, MO; sensitivity, 2 g/ml; intraassay coefficients of variation (CV), 1.78 -6.21%]; leptin (Linco Research; sensitivity, 0.5 ng/ml; intraassay CV, 8.3%); cortisol (DSL, Webster, TX; sensitivity, 0.5 g/dl; intraassay CV, 5.3-8.4%), insulin (DSL; sensitivity, 1.3 IU/ml; intraassay CV, 8.3%); estradiol (DPC, Los Angeles, CA; sensitivity, 8 pg/ml; intraassay CV, 4.3-7%), and free testosterone (DPC; sensitivity, 0.15 pg/ml; intraassay CV, 8%). Insulin resistance was estimated using the HOMA with the following formula: HOMA-IR ϭ fasting insulin (IU/ml) ϫ glucose (mmol/liter)/22.5 (28, 29) . To minimize variability, hormone levels were measured in one assay for all subjects participating in the cross-sectional study and in one assay for each subject in the interventional studies.
Data analysis. SPSS 8.0 software (SPSS Inc., Chicago, IL) was used for statistical analysis, and a P value Ͻ 0.05 (two-tailed) was considered statistically significant for all analyses. Several variables were logarithmically transformed to obtain a normal distribution, as indicated in Table 2 .
In the cross-sectional study, we assessed the differences in body composition and metabolic and hormonal parameters according to menopausal status using one-way ANOVA tests with post hoc (least significant difference) analysis. We then calculated Pearson's correlation coefficients and performed bivariate and multivariate regression analyses to evaluate potential associations between serum adiponectin levels and anthropometric (BMI, fat mass, WC, and WHR), metabolic (fasting glucose, insulin, HOMA-IR index, and lipid profile) as well as hormonal (leptin, cortisol, estradiol, and testosterone) parameters, all expressed as continuous variables. We controlled our analyses for potential confounders, including age, menopausal status, fat mass, WHR, and estrogen levels, as indicated in Table 2 . The sample size of 121 subjects provides more than 80% power to detect a correlation coefficient r of at least 0.22 at the conventional level of statistical significance ␣ ϭ 0.05.
We used nonparametric tests for the interventional studies, because the number of subjects was relatively small, and the data were not normally distributed. We performed exact Wilcoxon signed rank tests to evaluate changes in adiponectin levels, leptin levels, and weight between d 1 and 3 of each fed or fasting admission in the first interventional study. We used Friedman tests to evaluate changes in adiponectin and leptin levels from baseline to 6 and 12 h after administration of the pharmacological dose of r-metHuLeptin in the second interventional study.
Results
Cross-sectional study
Baseline characteristics of the 121 women are summarized in Table 1 . Twelve subjects had a BMI lower than 25 (24.1 Ϯ 0.5) kg/m 2 , 52 subjects had a BMI between 25 and 30 (27.6 Ϯ 1.5) kg/m 2 , and 57 subjects had a BMI greater than 30 (35.4 Ϯ 4.8) kg/m 2 . Mean serum adiponectin level was 10.4 Ϯ 7.1 g/ml, and its relationship with BMI, fat mass, WHR, serum leptin, serum insulin, and HOMA-IR index is shown in Fig. 1 . Seventy-one percent of subjects were nonsmokers, 26% were current smokers, whereas 3% were past smokers. Although subjects did not have a known history of diabetes, we found four subjects with fasting glucose levels higher than 126 mg/dl, and data analysis with and without these four subjects resulted in similar results. Because five subjects were undergoing hormone replacement treatment and two subjects were undergoing oral contraceptive treatment at the time of the evaluation, we also analyzed the data with and without these subjects and then adjusted our analysis for a dummy variable (estrogen yes or no), and each time we obtained similar results. In addition, there was no significant difference in serum adiponectin levels between the women taking estrogens and those not on estrogen treatment (serum adiponectin, 11.83 Ϯ 4.40 vs. 10.39 Ϯ 7.28 g/ml; P ϭ 0.45). Thus, we report herein the entire group analysis, with and without adjustment for estrogen levels in several regression analysis models, as indicated in Table 2 . We also report results obtained when adjusting our analysis for premenopausal vs. postmenopausal status; adjustment for premenopausal vs. perimenopausal and postmenopausal status gave similar results. Of note, there was no correlation between adiponectin levels and the day of menstrual cycle in the pre-and perimenopausal women, but the study was not adequately powered for this outcome.
Postmenopausal women had significantly higher adiponectin, triglyceride, low-density lipoprotein, and total cholesterol levels, and lower estradiol levels compared with premenopausal women, whereas leptin, cortisol, free testosterone levels, and body composition parameters were not tive association of adiponectin with age [standardized ␤ coefficient (std ␤) ϭ 0.19; P ϭ 0.04] became borderline significant after adjusting for BMI (P ϭ 0.06), body fat (P ϭ 0.10), or WHR (P ϭ 0.05); moreover, there was no correlation between smoking and adiponectin. In addition, we found a strong negative correlation between adiponectin and estradiol levels by bivariate regression analysis, which remained significant after controlling for age, menopausal status, and body composition, but there was no relationship between adiponectin and leptin, cortisol, or free testosterone levels ( Table 2) . We found a strong negative association between serum adiponectin and parameters of central obesity (WHR and WC) independent of age, menopausal status, and estradiol levels ( Table 2 ). Parameters of overall adiposity (BMI and fat mass) also correlated negatively with adiponectin in bivariate regression analyses, but these correlations appeared to be weaker than those between adiponectin and central obesity measurements. Although the association of adiponectin with BMI did not remain significant after controlling for age, menopausal status, and estradiol levels, the association with fat mass or estimates of central obesity remained significant after controlling for these potential confounders ( Table 2) .
The negative associations between adiponectin and fasting glucose, insulin, or HOMA-IR index remained significant after adjusting for age, menopausal status, estrogen levels, and fat mass, but not WHR or WC, suggesting that adiponectin may be mediating, to a large extent, the effect of central obesity on insulin resistance and glycemia (Table 2) .
We also found a positive correlation of serum adiponectin with high-density lipoprotein (HDL) cholesterol and a negative correlation with triglyceride levels but no significant relationship with total or low-density lipoprotein cholesterol ( Table 2 ). The association between adiponectin and triglycerides remained significant after adjusting for age, menopausal status, estrogen levels, but not for body composition. The strong association with HDL remained significant after controlling for all potential confounders, indicating that the association between HDL and adiponectin levels is independent of body fat distribution. The positive correlation of adiponectin with apoA1 in bivariate regression analysis (std ␤ ϭ 0.44; P ϭ 0.006) remained significant after adjustment for age, menopausal status, estrogen levels, and body composition (std ␤ ϭ 0.33; P ϭ 0.02), whereas the negative correlation between adiponectin and apoBl tended to be significant in bivariate regression analysis (std ␤ ϭ Ϫ0.28; P ϭ 0.08), but was not significant after adjustment for the same potential confounders (std ␤ ϭ Ϫ0.13; P ϭ 0.45).
Interventional studies
Fasting with or without administration of physiological doses of r-metHuLeptin (Fig. 2) . Weight did not change with isocaloric feeding ( 6 Ϯ 1.6 ng/ml vs. d 3, 1.7 Ϯ 0.8 ng/ml; P ϭ 0.31) but decreased significantly to 33% of baseline after fasting for 2 d (d 1, 2.1 Ϯ 1.8 ng/ml vs. d 3, 0.7 Ϯ 0.9 ng/ml; P ϭ 0.01). r-metHuLeptin administered in physiological doses during fasting increased serum leptin to levels higher than baseline but within the physiological range for lean men in the fed state (d 1, 2.3 Ϯ 1.9 ng/ml vs. d 3, 4.8 Ϯ 2.1 ng/ml; P ϭ 0.06). Serum adiponectin levels did not change during the fed (d 1, 11 Ϯ 5.1 g/ml vs. d 3, 12.9 Ϯ 6.4 g/ml; P ϭ 0.12) or fasting state (d 1, 11.1 Ϯ 7 g/ml vs. d 3, 10.1 Ϯ 6.2 g/ml; P ϭ 0.39), and r-metHuLeptin administration had no significant effect on adiponectin levels (d 1, 11.8 Ϯ 4 g/ml vs. d 3, 11.3 Ϯ 4.9 g/ml; P ϭ 0.56). Similar results were obtained when analysis was performed with data from all eight subjects or from the six subjects who ␤1, Bivariate standardized linear regression coefficient; ␤2, multivariate standardized linear regression coefficient adjusted for age and menopausal status; ␤3, adjusted for age, menopausal status, and estrogen levels; ␤4, adjusted for age, menopausal status, estrogen levels and fat mass; *, adjusted for age, menopausal status, and fat mass; ␤5, adjusted for age, menopausal status, estrogen levels and WHR; **, adjusted for age, menopausal status, and WHR.
a Natural logarithmic transformation performed before analysis.
completed the fasting/r-metHuLeptin admission, and thus results for all eight subjects are reported.
Administration of pharmacological dose of r-metHuLeptin in the fed state (Fig. 3) . After the pharmacological dose of r-metHuLeptin was administered, serum leptin levels increased significantly to 15-40 times baseline levels at 6 h and approximately 10 times baseline at 12 h in the lean men (baseline, 3 Ϯ 0.7 ng/ml; 6 h, 111.1 Ϯ 33.7 ng/ml; 12 h, 32.4 Ϯ 11.8 ng/ml; P ϭ 0.007) and the obese men (baseline, 16.24 Ϯ 5 ng/ml; 6 h, 242.9 Ϯ 38.8 ng/ml; 12 h, 114.9 Ϯ 22.1 ng/ml; P ϭ 0.007). Over the time frame in which leptin levels were markedly increased, serum adiponectin levels did not change significantly (lean men baseline, 15.4 Ϯ 8.2 g/ml; 6 h, 16.3 Ϯ 10 g/ml; 12 h, 17.6 Ϯ 10 g/ml; P ϭ 0.25; obese men baseline, 9.7 Ϯ 5.7 g/ml; 6 h, 9.8 Ϯ 7.1 g/ml; 12 h, 10 Ϯ 7 g/ml; P ϭ 0.82). Similar to findings in men, serum adiponectin levels did not change in lean women, despite a significant increase in leptin levels after r-metHuLeptin administration (data not shown).
Discussion
Our data show that, in addition to overall obesity, central fat distribution is an independent negative predictor of serum adiponectin and suggest that adiponectin may represent a link between central obesity and insulin resistance. Estradiol levels are also independently and negatively associated with adiponectin, and postmenopausal women have higher adiponectin levels compared with premenopausal women. In contrast, serum adiponectin is not associated with circulating leptin, cortisol, and/or free testosterone levels. Finally, neither fasting for 48 h, resulting in a low leptin state, nor leptin administration at physiological or pharmacological doses alter serum adiponectin levels in healthy men and women.
Adiposity (BMI, fat mass, percentage of fat) has been previously reported to be inversely associated with serum adiponectin in Japanese people (10, 11, (13) (14) (15) , Pima Indians (2, 3, 12) , and Caucasians (12, 16) . The etiology of the decreased adiponectin mRNA expression in adipose tissue (30, 31) and the lower serum adiponectin levels reported in obese subjects (10 -12) remains to be fully elucidated, but it may occur due to the increased expression of TNF-␣, which reduces adiponectin expression and secretion from adipocytes in vitro (32, 33) . Although it has also been shown that glucocorticoids inhibit adiponectin expression in vitro (21, 22) , serum cortisol was not a significant predictor of serum adiponectin levels in our study. It is also possible that local cortisol production by adipose tissue in amounts that do not increase serum cortisol levels (34) may still alter adiponectin expression in visceral fat (21, 22) , but this requires further investigation.
In addition to confirming the association between body fat mass and adiponectin, we found that central obesity is an independent negative predictor of serum adiponectin. The relationship of adiponectin with WHR and WC appears to be stronger than that with fat mass or BMI, indicating that central fat distribution is a better determinant of circulating adiponectin than total fat mass. Similar to our findings, Cnop et al. (16) have reported recently that intraabdominal fat (but not BMI) was significantly and independently associated with adiponectin, whereas a Japanese study (15) has reported an inverse association between adiponectin and WHR in morbidly obese patients but not in overweight and moderately obese patients. A strong relationship of adiponectin with abdominal visceral fat has been reported in HIVinfected patients who develop fat redistribution secondary to antiretroviral treatment (35) . Previous studies have also shown that adiponectin secretion is differentially regulated in cultured human omental and sc adipocytes (36) , and that in obese diabetic subjects there is a more pronounced decrease of adiponectin mRNA expression in omental fat compared with sc fat (31) .
In contrast to adiponectin, leptin correlates positively and strongly with both total and sc fat mass but less strongly with visceral fat (37, 38) . We did not find a significant association between serum leptin and adiponectin levels in our sample, whereas Matsubara et al. (14) reported that leptin is a neg- ative predictor of adiponectin levels independently of body composition, and Cnop et al. (16) detected a significant association between leptin and adiponectin in men and women only when considered separately but not in the entire study cohort. These discrepant results may be explained by different fat distribution characteristics of the populations studied, despite their similar overall adiposity, because it is well known that leptin is preferentially produced by sc adipose tissue (39) , whereas adiponectin is mainly produced by visceral adipose tissue (36) .
We subsequently explored whether the strong negative association between adiponectin and central fat distribution might account for the association between central obesity/ visceral fat and insulin resistance (18) . We found that the negative associations between adiponectin and HOMA-IR index, fasting insulin or glucose levels remain significant after adjusting for fat mass but were not significant after adjusting for WHR or WC, suggesting that the relationship between central adiposity and insulin resistance is mediated, at least in part, by adiponectin. Several studies have reported that insulin resistance is negatively associated with adiponectin levels independently of BMI (13, 14) , and a recent study has shown that this association is also independent of the amount of intraabdominal fat (16) . Our findings are in accordance with previous data showing that the increase in adiponectin after weight reduction by bariatric surgery is associated with improvement of insulin sensitivity, as estimated by HOMA-IR (40) , and improved ␤-cell function (41) .
We confirm that adiponectin levels are related to triglyceride levels and are a strong positive and independent determinant of HDL cholesterol in Caucasian women, as previously reported in Japanese subjects (11, 13, 24) . We also confirm the positive association of adiponectin with apoA1 and the negative association with apoB reported previously in the Japanese population (24) . Further studies are needed to fully explore these relationships and their implications, because the low adiponectin levels in subjects with cardiovascular disease (10 -12) may be related to insulin resistance and/or dyslipidemia.
Serum estradiol is a strong negative determinant of adiponectin in this study, and postmenopausal women have lower estradiol but higher adiponectin levels compared with premenopausal women. Using a multiple linear regression model, we show that the difference in serum adiponectin related to menopausal status could be explained by the different estradiol levels but not by differences in age or body composition between the pre-and postmenopausal women. Despite the negative association between estradiol and adiponectin, it has been reported that women have higher adiponectin levels compared with men (10, 13, 16, 23) , suggesting that in addition to estrogens, other gender-dependent factors, such as body fat distribution or androgen and progesterone levels, may be of relevance. Although women have more sc fat and men have more visceral fat (42, 17) , previous studies have found that the gender difference in adiponectin levels is independent of total body fat or fat redistribution (13, 16, 23) . In addition, androgens have been shown to decrease adiponectin levels in rodents (23), but we did not find an association between adiponectin and free testosterone levels in women. Testosterone levels are lower and have a narrow range in women, however, and thus further studies in men, who have much higher testosterone levels, are warranted. Defining the relationship between adiponectin and body fat distribution and/or sex hormones is of clinical relevance because it may explain the observed gender differences in insulin sensitivity (43) .
We also report a weak positive correlation with age, but in contrast to Cnop et al. (16) , the association between adiponectin and age is only of borderline significance after adjusting for body composition. Thus, it remains possible that the previously reported significant association with age is due to either body composition changes and/or selection bias (16) . Further studies are needed to elucidate this point.
Importantly, we did not find any evidence for regulation of adiponectin by acute fasting or leptin in our interventional studies, in contrast to leptin's recently demonstrated ability to regulate several neuroendocrine axes (44) . More specifically, neither fasting-induced decrease in leptin levels nor r-metHuLeptin administration at physiological or pharmacological doses acutely alter serum adiponectin levels. Of note, previous studies in humans and animals have shown that prolonged caloric restriction, which leads to significant and prolonged weight loss and decreased leptin levels, induces adiponectin expression (11, (45) (46) (47) . Studies in rodents have shown that fasting for 2 d diminishes both adiponectin and leptin gene expression, which results in decreased serum leptin levels but unchanged serum adiponectin levels (19) . This has been explained by the fact that serum adiponectin concentrations are nearly 1000 times higher than those of leptin, and thus fasting-induced changes of adiponectin expression in adipose tissue may not be directly translated into appreciable alterations of serum adiponectin levels over a short period of time (19) . Moreover, leptin administration to lipoatrophic mice, which have low leptin and adiponectin levels and are highly insulin resistant, increases their leptin levels and improves insulin resistance but does not increase their low adiponectin levels (48) . A combination of physiological doses of adiponectin and leptin completely reverses the insulin resistance of lipoatrophic mice, whereas adiponectin or leptin alone are only partially effective in improving insulin resistance in rodents (4, 48, 49) and humans with congenital lipodystrophy (50) . Because leptin does not appear to regulate adiponectin in humans, leptin and adiponectin may represent two different and independent pathways that control insulin sensitivity and need to be studied further.
In summary, we provide evidence for a strong association of serum adiponectin with fat mass, central fat distribution, and estradiol levels, whereas serum adiponectin is not associated with cortisol, leptin, or testosterone levels in humans. Importantly, we found that neither short-term fasting nor leptin administration alters serum adiponectin levels. The cross-sectional nature of our first study limits determinations of temporality or causality; therefore, further interventional studies are necessary to evaluate the relationship of serum adiponectin with central obesity and insulin resistance. Elucidation of the full spectrum of determinants of circulating adiponectin in humans should be the focus of future studies because it may prove to have major physiological and pathophysiological importance.
